We established cell culture model systems of primary kidney cells of proximal and distal tubule origin and observed that both proteins are indeed expressed and secreted in both tubule cell types in vitro. However, TIMP-2 is both expressed and secreted preferentially by cells of distal tubule origin, while IGFBP7 is equally expressed across tubule cell types yet preferentially secreted by cells of proximal tubule origin. In human kidney tissue, strong staining of IGFBP7 was seen in the luminal brushborder region of a subset of proximal tubule cells, and TIMP-2 stained intracellularly in distal tubules. Additionally, while some tubular colocalization of both biomarkers was identified with the injury markers kidney injury molecule-1 and neutrophil gelatinase-associated lipocalin, both biomarkers could also be seen alone, suggesting the possibility for differential mechanistic and/or temporal profiles of regulation of these early AKI biomarkers from known markers of injury. Last, an in vitro model of ischemia-reperfusion demonstrated enhancement of secretion of both markers early after reperfusion. This work provides a rationale for further investigation of these markers for their potential role in the pathogenesis of acute kidney injury. acute kidney injury; biomarkers; IGFBP7; and TIMP-2 TWO NOVEL BIOMARKERS, insulin-like growth factor binding protein 7 (IGFBP7) and tissue inhibitor of metalloproteinases-2 (TIMP-2), were recently discovered for the identification of moderate to severe acute kidney injury (AKI) in critically ill patients (9, 26) . From these and additional studies, a clinical immunoassay for detection of [TIMP-2]·[IGFBP7], the NephroCheck test (Astute Medical), received US Food and Drug Administration approval for AKI risk assessment in critically ill patients. Additionally, these biomarkers have shown to be sensitive, specific, and highly predictive early biomarkers for AKI in adults after surgeries (21, 36) , and in children after cardiac surgery (37) . In addition to predicting AKI, these biomarkers have been associated with long-term outcomes after AKI (28) , predicting renal recovery (18) , and prediction of dialysis or recovery after kidney transplantation (19) . Last, remote ischemic preconditioning increased TIMP-2 and IGFBP7 preoperatively, reduced these biomarker levels in the postoperative period, and ultimately reduced the occurrence of AKI after cardiac surgery in high-risk patients, supporting the hypothesis that IGFBP7 and TIMP-2 may serve as "alarm" signals that may be protective in some conditions (74) .
Expression of various TIMP family members has been reported in kidney cells, including glomerular mesangial and epithelial cells, tubulointerstitial cells, and cystic cells in culture (4, 13, 34, 50, 57, 71, 73) . Expression has also been reported in proximal tubule cells, but primarily only in response to insults, mitogens, or second messengers (14, 20, 41, 45, 62, 63) . There is a dearth of information regarding IGFBP7 in the kidney, and what is available is contradictory, showing expression in the glomerulus and alternatively in distal and proximal tubule cells (17, 35, 42, 65, 72) .
While there are variable reports about TIMP family member expression in the kidney, very little is known regarding IGFBP7 expression, and there is currently no clear molecular evidence in the kidney for either molecule to explain their value as biomarkers for AKI. Therefore, we initiated this study to clarify their expression in the human kidney, to examine how the expression of these molecules relates to the expression of markers of kidney injury, and to determine whether we could identify modulation of expression and/or secretion of these biomarkers by cellular insult.
MATERIALS AND METHODS
Tissue procurement and processing. Whole adult human kidneys were obtained from the Center for Organ Recovery and Education (CORE, Pittsburgh, PA) through a protocol approved by the University of Pittsburgh Committee for Oversight of Research and Clinical Training Involving Decedents. Samples obtained were kidneys from donation-after-cardiac-death or brain-dead donors that were not accepted for transplant. Before receipt, samples were recovered and packaged for transplant by perfusion in HTK or UW (SPS-1) and packing in ice. Upon receipt, kidneys were maintained in a sterile environment on ice, decapsulated, and processed as follows. 1) For cryosectioning and microscopic analysis of whole human tissue, (5-10 mm) kidney transverse sections were fixed in 4% paraformaldehyde (PFA; Electron Microscopy Sciences, Hatfield, PA) in PBS (Fisher Scientific, Pittsburgh, PA) overnight at 4°C, followed by 3 ϫ 15-min washes in cold PBS, quenching in cold 200 mM NH 4Cl2 (Fisher), in PBS for 15 min, followed by 3 ϫ 15-min washes with cold PBS, and storage in PBS 0.02% NaN 3 (Fisher) at 4°C. 2) For tissue total protein and RNA/DNA analysis, the cortex and medulla from 5-to 10-mm transverse sections were separated, sectioned into~0.5-mm cubes, and snap frozen in liquid nitrogen and stored at Ϫ150°C. Tissue samples for RNA analysis were incubated at 4°C in RNALater (Fisher) overnight before removal of excess RNALater and snap freezing. 3) For preparation of tissue for cell culture, the remaining cortex and medulla were processed separately on ice. Tissue was diced by razor blade mincing into pieces as small as possible (0.1-1 mm), then digested for 1 h at 37°C in HBSS (Life Technologies, Grand Island, NY) containing collagenase IV (200 U/ml), DNAse (100 U/ml), MgCl 2 (200 mM), and CaCl2 (200 mM) at a ratio of 1.5 ml digestion solution/g tissue for 1 h. with intermittent mixing. The resultant slurry was forced through a 250-m sieve (Gilson, Lewis Center, OH) and washed with HBSS to remove undigested tissue. The filtrate from the 250-m sieve was passed through a 180-m sieve to isolate glomeruli. After extensive washing of the retentate on the sieve with HBSS from a squirt bottle (no less than 50 ml/sample), the retentate (which by microscopic evaluation routinely consisted of pure intact glomeruli and very little to no tubule fragments) was fractionated and frozen for future analysis or placed into culture for study. Samples from this fraction are referred to as "GLOM." The filtrate from the 180-m sieve (FT), which consisted of tubule fragments and individual cells, with little to no glomeruli, was fractionated and frozen for future use or placed into culture for expansion and immunoaffinity isolation. A total of six separate subject samples were used in this study. The number of samples assessed in each experiment is noted in RESULTS. Culture of dissociated cells for propagation. All reagents for cell culture were from Life Technologies unless mentioned otherwise. Dissociation fractions from the process above were propagated by culture in DMEM/F12 with the addition of 5% FBS, insulin, transferrin, selenium, glutamax, and penicillin-streptomycin in 150-cm 2 flasks coated with 5 g/cm 2 rat tail collagen-1 at 37°C, 5% CO2. Resultant heterogeneous primary cell cultures were fed every 3 days until confluent. The GLOM fraction was plated directly for experimentation, and the FT fraction was subjected to immunoaffinity isolation and plating for experimentation in different media as described below.
Immunoaffinity isolation of primary cells of proximal and distal tubule origin. Confluent cell cultures (FT from passages 1-3) were trypsinized using TrypLE at 37°C for no more than 10 min, counted with a hemocytometer, and subjected to immunoaffinity isolation via the Dynal Pan-Mouse IgG magnetic bead system exactly according to the manufacturer's instructions (Fisher). For isolation of cells of proximal tubule origin, an antibody directed against aminopeptidase N (APN; BD Biosciences, San Jose, CA) was used, and to isolate cells of distal origin, an antibody directed against MUC-1 (CD227; BD Biosciences) was used. Cell isolation was performed using 10 g of antibody and 25 l of Dynabead preparation per 10 7 total cells/ml. After release from the Dynabeads, isolated cells were plated for further propagation or directly for experimentation in the media mentioned above.
Culture of cells for experimentation. HK2 (ATCC, Manassas, VA) and isolated primary cells were plated onto 12-or 24-mm rat tail collagen-1-coated Transwells at~5.5 ϫ 10 4 cells/cm 2 to be confluent at plating. The following day, the media was exchanged to the hormonally defined, serum-free media DMEM ϩ F12, 20 ng/ml EGF, 40 ng/ml hydrocortisone (Sigma-Aldrich, St. Louis, MO), 4 pg/ml triiodothyronine (Sigma), penicillin-streptomycin, and glutamax. The cells were cultured for at least 6 days with daily feeding before experimentation.
Immunoblotting for characterization and analysis of IGFBP7 and TIMP-2. For characterization and expression of IGFBP7 and TIMP-2, confluent monolayers of cells were lysed in PBSTDS lysis buffer (10 mM Na 2HPO4, 150 mM NaCl, 1% Triton X-100, 0.5% Na deoxycholate, 0.1% SDS, 1 mM EDTA, 1 mM NaF, 0.02% NaN 3, pH 7.4) containing protease and phosphatase inhibitors (Thermo Fisher Scientific, Waltham, MA). Total protein concentration of all lysates was determined using the Bio-Rad DC protein assay (Bio-Rad, Hercules, CA). For immunoblot analysis of secreted protein, conditioned media was spun out and mixed with Laemmli sample buffer, aliquoted, and frozen at Ϫ20°C or used directly. In this study, conditioned media refers to experimental media (see paragraph above) that was exposed to cell culture for the time periods indicated in each figure. The control for these studies was unconditioned media, which refers to the same media that was not exposed to cells for any period of time. Equivalent amounts of lysate or media were subjected to SDS-PAGE and electroblotting using 4 -20% Tris-glycine gels (Life Technologies) using the Laemmli system. The antibodies used for immunoblotting were directed against IGFBP7 (1:5,000, Abcam, Cambridge, MA), TIMP-2 (1:2,000, Cell Signaling Technology, Danvers, MA), E-cadherin (E-CAD; 1:20,000, BD Biosciences), sodium/hydrogen exchanger 3 (1:500, Thermo Scientific, Rockford, IL), Na ϩ -K ϩ -ATPase (1:1,000, alpha 1 subunit, Abcam), ␥-glutamyl transpeptidase [GGT; 1:20,000, Santa Cruz Biotechnology (SCB), Dallas, TX], vacuolar H ϩ -ATPase (E subunit, 1:500, Sigma-Aldrich), aquaporin-1 (AQP1; 1:250, SCB), GAPDH (1:10,000, SCB), or ␤-actin (1:40,000, Sigma); the secondary antibodies were donkey anti-rabbit/mouse/sheep/goat/chicken HRP (1:20,000 -100,000, Jackson ImmunoResearch, West Grove, PA). Staining was visualized using the Pierce ECL Western blotting substrate (Thermo Scientific).
For all experimentation, immunoaffinity isolated cells from passages 2-6 were used, and each passage was characterized for consistency. If any passage demonstrated evidence of significant differentiation or dedifferentiation by morphological change assessed by light microscopy and/or gain or loss of appropriate marker expression, it was discarded and not used for experimentation.
Preparation of cells and tissue for immunofluorescence and confocal microscopy. Wedges from the PFA-fixed kidney sections were infused with 30% sucrose in PBS 0.02% NaN3 (Fisher) by soaking overnight, followed by embedding and freezing in OCT (Fisher Healthcare, Houston, TX) at Ϫ20°C. Cryosections (10 m) cut at Ϫ20°C using a permanent blade (C. L. Sturkey, Lebanon, PA) in a Microm HM 505N cryostat were placed onto permafrost slides (Fisher), and stored at Ϫ20°C until use. For imaging of cryostat tissue sections, OCT was removed by 3 ϫ 10-min immersions in PBS, and sections were permeabilized in PBS 0.5% Triton X-100 for 15 min at room temperature, blocked for 30 min in PBS 5% nonfat dry milk (Bio-Rad), washed two times briefly with PBS, and incubated in primary antibody in PBS 2% BSA (Sigma) overnight at 4°C. Samples were then washed 3 ϫ 5 min with PBS 2% BSA, incubated in secondary antibody in PBS 2% BSA, covered in Fluoro-Gel II ϩ 4=-6-diamidino-2-phenylindole (DAPI; EMS), and sealed with coverslips. imaged using an Olympus Fluoview 1000 confocal microscope with a ϫ40 oil-immersion objective. For DAPI imaging, a 405 laser at 0.1-1% power was used. For Alexa Fluor 488, a 488-nm multiline argon laser at 2-5% power was used, and for Alexa Fluor 594, a 543-nm helium/neon laser at 7-25% power was used. For each image, the PMT voltage was between 600 and 650, and the gain was 1. For the z-scan images of Fig. 1 , z-spacing was chosen to be 0.45 m, equating to a sampling rate of 2. Negative controls were secondary antibody only, and were imaged at the highest laser power, voltage, and gain used in each figure.
Oxygen-nutrient deprivation. Cells were subjected to oxygen-nutrient depravation by culture in deoxygenated HBSS (GIBCO) in a 0% O 2 environment for 24 h and compared with cells cultured in oxygenated HBSS or the hormonally defined serum-free media mentioned above under regular culture conditions. After 24 h of deprivation or control conditions, fractions of the conditioned media were prepared for immunoblot analysis as described above, and the remaining media was removed and replaced with regular culture media for 6 or 24 h. At the end of each time point, conditioned media was again prepared for immunoblot analysis as described above, and cells were washed and lysed as above.
Image management and statistical analysis. Immunoblot and confocal micrographs were prepared in Photoshop CS5, and figures were Lysates were assessed for expression of the proximal tubule markers sodium/hydrogen exchanger 3 (NHE3), ␥-glutamyl-transpeptidase (GGT), and aquaporin-1 (AQP1), the distal tubule marker E-cadherin (E-CAD), as well as the ion transporters Na ϩ -K ϩ -ATPase (Na-K-ATPase) and the vacuolar H ϩ -ATPase (V-ATPase). GAPDH was used for protein loading. B: HAK-APN and HAK-MUC-1 cells were cultured for at least 6 days on Transwell permeable supports, fixed with 2% paraformaldehyde, and subjected to immunofluorescence with the antibody against zonula occludens (ZO-1) for the identification of epithelial monolayer development. Scale bar ϭ 50 m.
constructed in Illustrator CS5.1 (Adobe Systems, San Jose, CA). All images were minimally processed, adjustments were applied equally across each image, and no adjustment was made that resulted in data loss. For immunoblot graphing and statistics, films were imaged and quantitated using ImageJ, and the t-test function in GraphPad5 (Graph Pad Software, La Jolla, CA) was used. 
RESULTS

Characterization of immunoaffinity-isolated primary human kidney epithelial cell cultures of proximal and distal tubule origin.
We have established cell culture model systems of primary human adult kidney (HAK) tubule epithelial cells of proximal and distal tubule origin from six separate subjects (HAK 3, 4, 10, 11, 14, and 15). In this study, proximal tubule origin refers to the tubule segments from the glomeruli to the bottom of the loop of Henle, and include the S1, 2, and 3 segments of the proximal convoluted and straight tubules, and the thin descending thin limb (DTL) of the loop of Henle.
Similarly, distal tubule origin refers to tubule segments from the bottom of the loop of Henle to the collecting duct and includes the thick ascending limb (TAL), distal convoluted tubule (DCT), and the cortical collecting duct (CCD). The cortex of human kidneys was enzymatically and mechanically dissociated, and heterogeneous pools of viable cells were cultured to generate stocks. These heterogeneous cell populations were subjected to immunoaffinity isolation to generate separate cell cultures that were highly enriched for cells of proximal or distal tubule origin. Cells of proximal tubule origin were isolated using an antibody directed against APN, which is expressed across the proximal nephron and is a marker that has been used previously for immunoaffinity isolation of proximal tubule cells from human tissue (6, 67, 68) . Cells of distal tubule origin were isolated using an antibody against the sialomucin MUC-1, which is expressed in the TAL, DCT, and CCD (5, 10, 43) . We routinely isolated only 10 -15% of cells from the total heterogeneous pool with either antibody, and the isolated cells were able to be passaged five to seven times before loss of proliferative ability. Cells were characterized at every passage and not used if evidence of trans-differentiation was found. For characterization, lysates from these cells were compared by immunoblotting with lysates from the human proximal tubule epithelial cell line HK2 (ATCC) and cells from glomeruli isolated mechanically during tissue processing (GLOM; Fig. 1A) . All cell types were tested for expression of the proximal markers sodium/hydrogen exchanger 3 (NHE3), GGT, and AQP1, and for the distal tubule marker E-CAD. NHE3 is expressed in the S1 and S2 segments of the proximal tubule, and in the TAL of some mammalian species (2, 8) . GGT-1 is expressed in the latter portion of the proximal convoluted tubule and in the proximal straight tubule (11, 15, 32, 52) . AQP1 is expressed in the S2 and S3 segments of the proximal tubule and the DTL (39, 55) . E-CAD is expressed in Bowman's capsule of the glomerulus, is not expressed in the AQP-1 proximal tubule, but is also expressed in the TAL, DCT, and CCD of the distal nephron (33, 40, 47) . All three proximal tubule markers are detected in the HAK-APN cells, but the distal nephron marker E-CAD was not detected (Fig. 1A) . Conversely, NHE3, GGT, and AQP1 were not detected in the HAK-MUC-1 cells, and E-CAD was detected, demonstrating that our systems do indeed isolate and separate cells of proximal and distal tubule origin. Additionally, both the alpha 1 subunit of the Na ϩ -K ϩ -ATPase (Na-K-ATPase), and the E subunit of the vacuolar H ϩ -ATPase (V-ATPase), which are expressed throughout the nephron (1, 12, 23, 27 , 53, 56, 64, 70), were detected in both proximal and distal tubule cell isolates, additionally demonstrating that our in vitro systems isolate and preserve cells that retain expression of multiple transport proteins. While both Na-K-ATPase and V-ATPase are not epithelial cell specific, immunoaffinity isolation of these cell populations with kidney tubule epithelial cell-specific antibodies strongly suggest that these blots represent epithelial cell expression. These data are supported by data (see Fig. 3 ) that demonstrate APN and MUC-1 staining only in tubule epithelial cells in vivo.
Immunofluorescence analysis of cells cultured on Transwell permeable supports demonstrated that both HAK-APN and HAK-MUC-1 cells were capable of forming epithelial monolayers, as evidenced by uniform staining of the tight junction marker ZO-1 (Fig. 1B) . The HAK-APN cells formed monolayers with larger cells and rough tight junction morphology, and the HAK-MUC-1 cells formed monolayers with small, tightly packed cells and a smooth tight junction morphology. The results shown are from HAK3; similar results were obtained from all samples used in this study.
Primary human kidney tubule epithelial cells of proximal and distal tubule origin express and secrete IGFBP7 and TIMP-2 differentially.
By immunoblot analysis, we identified that both IGFBP7 and TIMP-2 are expressed in immunoaffinitisolated cells of proximal and distal tubule origin in culture ( Fig. 2A) . IGFBP7 was expressed at the highest level in both HAK-APN and HAK-MUC-1 cells compared with GLOM and HK2 cells. TIMP-2 demonstrated a different expression pattern, where GLOM, HK2, and HAK-MUC-1 cells expressed the most, but expression in HAK-APN cells was very low. Results shown are from HAK3; similar results were obtained from three other samples.
We assessed secretion of these proteins in culture by immunoblot analysis of conditioned media (Fig. 2B) . Indeed, both IGFBP7 and TIMP-2 were constitutively secreted by cultured primary human kidney epithelial cells, as evidenced by their presence in media conditioned by the cells through 24 h of exposure (GLOM, HK2, and HAK-APN/MUC-1) but not in unconditioned media that was never exposed to cells (UM). We identified a striking difference in the levels of secretion of both proteins between the HAK-APN and HAK-MUC-1 cells. TIMP-2 secretion mimicked its expression pattern, with high secretion from GLOM, HK2, and HAK-MUC-1 cells, and low secretion from HAK-APN cells. Interestingly, while IGFBP7 secretion mimicked its expression in GLOM and HK2 cells, its secretion from HAK-APN cells was much greater than from HAK-MUC-1 cells, despite a relatively equivalent expression pattern across the tubule cell types. Results shown in Fig. 2B are from HAK4. Quantitative analysis of the results from HAK4 and three additional human isolates identified that HAK-APN cells secreted fivefold more IGFBP7 than HAK-MUC-1 cells (P ϭ 0.004), and HAK-MUC-1 cells secreted fivefold more TIMP-2 than HAK-APN cells (P ϭ 0.0002) (Fig. 2C ). These data demonstrate that IGFBP7 and TIMP-2 can be constitutively expressed and secreted by human tubule epithelial cells in culture and that there are clear differential expression and secretion patterns for both markers across cell types.
Expression of IGFBP7 and TIMP-2 in human kidney tissue.
Having seen differential expression and secretion in cell culture, we next examined expression of these proteins in human tissue. IGFBP7 and TIMP-2 staining was compared with the markers used for the in vitro immunoaffinity isolation (APN and MUC-1, Fig. 3 ), as well as to other markers for proximal and distal tubule epithelial cells (Figs. 4 and 5) . For this study, five separate samples were assessed with consistent findings. IGFBP7 staining manifested as both a low level of cytoplasmic staining in most if not all tubules, contrasted by a very bright, luminal brush-border staining in a subset of tubules (Fig. 3, A  and B) . We reference the latter type when referring to IGFBP7 staining in vivo. TIMP-2 manifested as uniform cytoplasmic staining, very low in some tubules, and bright in others (Fig. 3,  C and D) . We refer to the bright staining as positive for TIMP-2. Only a fraction of all tubules stained for either marker, confirming that their expression is not a general phenomenon. Tubular colocalization of IGFBP7 with the proximal tubule marker APN was observed (Fig. 3A, long arrows) , but, interestingly, this colocalization was observed in only a small number of APN-stained tubules (Fig. 3A, short arrows) . In contrast, when IGFBP7is compared to the distal tubule marker MUC-1, most tubules stained for either IGFBP7 alone (Fig.  3B, arrowheads, or MUC-1 alone (Fig. 3B, short arrows) . We did observe a very low level of IGFBP7 staining in the absence of APN staining, and also observed a very low level of partial tubule colocalization of IGFBP7 with MUC-1 (data not shown). Therefore, while some APN-unstained or MUC-1-stained cells may be capable of staining for IGFBP7, it is clearly a minor event.
Comparison of TIMP-2 with the proximal marker APN demonstrated a complete lack of colocalization (Fig. 3C , arrowheads and short arrows, respectively). TIMP-2 did colocalize in tubules with MUC-1 in all micrographs assessed (Fig.  3D, long arrows ), yet tubules with TIMP-2 in the absence of MUC-1 could also routinely be identified (Fig. 3D, arrowheads) . Evaluation of IGFBP7 and TIMP-2 expression in glomeruli also supported the in vitro findings. TIMP-2 expression in glomeruli was similar to levels of expression in MUC- 1-stained tubules (Fig. 3E , TIMP-2/MUC-1 GLOM, long arrows), as was seen in vitro (Fig. 2) . Conversely, only a very low level of IGFBP7 staining was identified in glomeruli in contrast to the general cytoplasmic and bright brush-border staining found in APN-stained tubules (Fig. 3E , IGFBP7/APN GLOM, short arrows and arrowheads, respectively).
To further validate the proximal/distal variability of IGFBP7 and TIMP-2 expression in tissue, we compared them to additional markers (Figs. 4 and 5 respectively) . As with APN, IGFBP7 exhibited tubule colocalization with the proximal markers neprilysin (NEP), which is expressed in glomeruli and the proximal convoluted tubule (49, 67) , and AQP1 (Fig. 4, A  and B, long arrows) , but only with a small number of tubules that stained for these markers, as many NEP-or AQP1-stained tubules could be seen in the absence of IGFBP7 staining (Fig.  4, A and B, short arrows) . Comparing IGFBP7 staining with the distal tubule markers E-CAD and THG, which is expressed in the TAL and the DCT (24, 60, 61) , demonstrated a complete lack of colocalization of the bright luminal brush-border staining of IGFBP7 (Fig. 4 , C and D, arrowheads) with these distal markers (Fig. 4, C and D, short arrows) . The combined data from Figs. 3 and 4 clearly demonstrate that the bright, luminal brush-border staining of IGFBP7 is present in proximal tubules but not distal tubules and suggests that this staining pattern exists throughout the proximal nephron from the proximal convoluted tubule to the DTL. TIMP-2 staining was completely separate from NEP and AQP1 staining (Fig. 5, A and B , arrowheads vs. short arrows) but exhibited tubule colocalization with E-CAD and THG in all confocal micrographs examined (Fig. 5, C and D, long arrows) . A small fraction of TIMP-2-stained tubules could be identified in tubules that were unstained for E-CAD (data not shown), and every micrograph examined showed tubules that were stained for TIMP-2 but not THG (Fig. 5D, arrowheads) . These data, in combination with the results from Figs. 1 and 3 , suggest that TIMP2 expression spans the distal nephron, across MUC-1-, E-CAD-, and THG-positive and -negative segments.
The combined results from Figs. 1-5 have utilized five separate proximal tubule markers and three separate distal tubule markers, through immunoaffinity isolation and characterization by immunoblotting and immunofluorescence, both in vitro and in vivo. As such, these results clearly define cells of proximal vs. distal tubule origin and provide strong evidence that IGFBP7 expression is consistent across tubule types, yet its secretion is a primarily a proximal tubule phenomena, while TIMP-2 expression and secretion are distal tubule phenomena.
IGFBP7 and TIMP-2 staining vs. staining of the injury markers KIM-1 and neutrophil gelatinase-associated lipocalin-2 in human tissue
KIM-1 is upregulated in tubule epithelial cells in response to injury induced by multiple insults and is primarily known as a proximal tubule injury marker (22, 25, 48) . Neutrophil gelatinase-associated lipocalin-2 (NGAL) was originally identified as a neutrophil secondary granule protein and subsequently shown to be an early urine biomarker for renal injury. It has been reported in both proximal tubules (38) and in various locations in the distal nephron (30, 31) . Since we received kidneys that were deemed not suitable for transplant, we anticipated that they would have some degree of damage, and thus potentially express these injury markers, allowing the opportunity to characterize IGFBP7 and TIMP-2 expression relative to known markers of injury. Table 1 lists the wedge biopsy reports (when available) of the samples used in this study. In all samples in which reports were available, interstitial fibrosis was present, albeit mild, suggesting that there was likely some degree of tubular injury. Four of the five available reports also list some degree of inflammation or tubular injury, further supporting our anticipation that KIM-1 and/or NGAL expression should be present. KIM-1 staining manifested as clear luminal brush-border staining as well as punctate intracellular staining, and NGAL manifested primarily as punctate intracellular staining.
Like IGFBP7 and TIMP-2, individual KIM-1 and NGAL staining were present only in some of the tubules examined. Marker comparison results are demonstrated in Fig. 6 and Table 2 . While tubule colocalization of IGFBP7 and KIM-1 could be observed (Fig. 6A long arrows) , tubules with IGFBP7 staining only (arrowheads) could routinely be observed, as could tubules with individual cell KIM-1 staining alone (short arrows). In a comparison of IGFBP7 with NGAL, the majority of tubules were IGFBP7 or NGAL alone (arrowheads and short arrows, respectively), and colocalization manifested only as single-cell or partial tubule localization (long arrows). In contrast to IGFBP7, comparison of TIMP-2 with KIM-1 demonstrated that the majority of tubules were TIMP-2 or KIM-1 only (Fig. 6B , arrowheads and short arrows, respectively), and colocalization was infrequent and partial (long arrows, and Table 2) . Surprisingly, a similar pattern was observed when TIMP-2 was compared with NGAL, where TIMP-2 or NGAL only tubules predominated (arrowheads and short arrows, respectively), and colocalization was present only in individual cells or portions of the tubule (long arrows), and demonstrated the lowest of all marker combinations assessed ( Table 2) . IGFBP7, insulin-like growth factor binding protein 7; TIMP-2, tissue inhibitor of metalloproteinases-2; KIM-1, kidney injury molecule-1; NGAL, neutrophil gelatinase-associated lipocalin. Individual tubules in 30 -50 confocal images of markers from 3 to 4 genetically separate samples were counted and graded for marker positivity. The number in parenthesis is the percentage of the presence of that subset from the total number of positive tubules.
Effect of oxygen-nutrient and nutrient deprivation on the expression and secretion of IGFBP7 and TIMP-2 in vitro
Having identified the constitutive expression and secretion characteristics of IGFBP7 and TIMP-2 in our in vitro system, and analyzed their expression in relation to KIM-1 and NGAL in vivo, we assessed whether we could identify modulation of expression and secretion of these molecules by cellular insult. A common in vitro model used in studies of AKI is oxygenglucose deprivation, used to mimic ischemia-reperfusion injury. We performed oxygen-nutrient and nutrient deprivation alone experiments (so-named because we assessed total nutrient deprivation, not just glucose deprivation), and assessed its effects on IGFBP7 and TIMP-2 expression and secretion in APN and MUC-1 cells from two separate samples, HAK 4 and 11. Cells were subjected to either oxygen-nutrient, or nutrient alone deprivation for 24 h and then "reperfused" by culture in oxygenated regular culture media for 6 and 24 h. Conditioned media from the deprivation period, and conditioned media and lysate from the 6-and 24-h reperfusion periods were assessed by immunoblotting; results are illustrated in Fig. 7 . Oxygennutrient and nutrient deprivation alone suppressed the constitutive secretion of IGFBP7 and TIMP-2 in both proximal and distal tubule cells compared with nondeprived cells, with the oxygen-nutrient deprivation exerting the greatest effect (Fig.  7A, O and N vs. R) . Conversely, restoring oxygen and nutrients to the cells induced a burst of IGFBP7 and TIMP-2 secretion in both oxygen-nutrient and nutrient deprivation cells alone after 6 h (Fig. 7B, CM) . This burst of secretion was associated with a concomitant decrease in intracellular protein as evidenced by analysis of cell lysates (Fig. 7B, LYSATE) . Of particular interest is that a burst of IGFBP7 secretion was also observed with oxygen-nutrient deprivation in the MUC-1 cells, which constitutively secrete a very low level of this protein (Fig. 7B , MUC-1 and IGFBP7 CM, and Fig. 2 ). IGFBP7 results were consistent across both samples analyzed, TIMP-2 results were variable at 6 h after restoring oxygen and nutrients, with one sample demonstrating the burst of secretion as shown, and the other demonstrating a relatively mild response. After 24 h of reperfusion, secretion levels of both proteins in both samples assessed normalized across the treatment types, despite a continued reduction in intracellular IGFBP7 in both proximal and distal tubule cells (Fig. 7C) .
DISCUSSION
To our knowledge, this is the first report of cell culture expression and secretion of IGFBP7 and TIMP-2 in human primary kidney epithelial cells of proximal and distal tubule origin, differential expression/secretion in cell culture and in tissue, and effects of ischemic insult on expression and secretion in vitro. While it is possible that these urine AKI biomarkers could increase as a result of increased expression outside the kidney with increased filtration through the glomerulus, our demonstration of direct constitutive expression/secretion, and modulation by ischemic insult in kidney tubule cells in vitro supports the idea that increased levels in the urine during AKI are a result of the kidney's response to injury or stress.
In cell culture, we identified equivalent expression yet variable secretion of IGFBP7 in proximal vs. distal tubule cells, and we are not aware of any prior work that has demonstrated such phenomena in epithelial cells of any type. In tissue, the IGFBP7 luminal brush-border staining was patchy, and while clearly found only in proximal tubules, was seen only in a fraction of proximal tubule cells. While this may suggest that IGFBP7 can identify a subsection of the normal proximal nephron, it may alternatively identify sections of proximal tubules that are responding to insult and may thus serve as a marker of insult, injury, or alarm. Indeed, this staining pattern is similar to the heterogeneous or patchy tubular cell injury histology of AKI in humans (51). While we cannot directly attribute the IGFBP7 staining in tissue to any response to insult, or to the constitutive HAK-APN cell secretion seen in vitro, this does demonstrate that increased IGFBP7 expression Fig. 1 and subjected to 24 h of oxygen-nutrient, nutrient deprivation alone, or no deprivation (24HR DEP; O, N, R, respectively) followed by 6 or 24 h of reperfusion by culture in regular culture media (6 HR REPERFUSION and 24 HR REPERFUSION). A: conditioned media (CM) after 24 h of deprivation (24HR DEP) were compared with media from cells cultured under normal culture conditions for the same period to assess the secretion of IGFBP7 and TIMP2. B: all conditions were reperfused in regular culture media for 6 h, and expression (LYSATE) and secretion (CM) of IGFBP7 and TIMP2 were assessed by immunoblot analysis. ␤-Actin was used as a loading control. The white lines between the lanes in some CM images denote noncontiguous lanes. These blots are composite images with individual lanes reorganized for the sake of presentation. The lanes in each image are compiled from the same blot and same film exposure, and no modification to individual lanes was performed. C: all conditions were reperfused in regular culture media for 24 h, and expression (LYSATE) and secretion (CM) of IGFBP7 and TIMP2 were assessed by immunoblot analysis. ␤-Actin was used as a loading control. Media and lysate from HAK4 are shown.
can occur in proximal tubules in vivo. In stark contrast to IGFBP7, our studies demonstrate a preferential constitutive expression and secretion of TIMP-2 in distal tubule cells over proximal tubule cells, both in cell culture and in tissue. While there was tubule colocalization with all distal markers used in tissue, there were also frequent TIMP-2 only tubules, suggesting that TIMP-2 expression may be ubiquitous throughout the distal nephron. Combined, these phenomena suggest differential mechanisms of regulation and function across tubule types. These findings might lend insight into the value of the individual markers regarding different etiologies of AKI, as IGFBP7 alone was found to be superior in surgical patients and TIMP-2 superior in sepsis (26) , as well as transplantation (19) . The comparison of these AKI biomarkers with the injury markers KIM-1 and NGAL is also intriguing and informative ( Fig. 6 and Table 2 ), as tubules with either IGFBP7 or TIMP-2 staining alone could routinely be identified. If the bright IGFBP7 staining is a manifestation of effects from insult, these data then suggest that the mechanisms involved in IGFBP7 upregulation are clearly different from those that regulate KIM-1 or NGAL. These data additionally allow for the possibility that IGFBP7 upregulation occurs on a different and potentially earlier temporal course. It is difficult to make inferences regarding any potential injury-induced relationship for TIMP-2 in vivo as no clear differential staining of TIMP-2 within distal tubules was identified, and secretion cannot be assessed in vivo.
Last, the in vitro oxygen-nutrient deprivation studies of Fig.  7 demonstrate that indeed, expression and secretion of both proteins can be modulated by cellular insults. Secretion of both proteins is suppressed during oxygen-nutrient deprivation, yet significantly increased early after restoration of normal cell culture, suggesting a biological role for both in the response to tubule cell stress. Of interest is that nutrient deprivation alone is capable of eliciting these responses, indicating that these biomarkers can be modulated by insults other than ischemia. These results also demonstrate the value of our in vitro model system for the investigation of the molecular basis of AKI.
IGFBP7 has been implicated in multiple biological processes including angiogenesis, tumor suppression, and senescence, mainly as a growth suppressor, and a role in G 1 cell-cycle arrest has been implicated (3, 7, 44, 54, 59, 69) . TIMP-2 has been implicated positively in kidney pathologies including cancer, glomerular disease, fibrosis, and tubuleinterstitial injury, in a matrix metalloproteinase (MMP)-dependent manner (16, 29, 45, 71) . However, like IGFBP7, it too has been implicated in G 1 cell cycle arrest in various cell types, in an MMP-independent manner (46, 58, 66) . As such, we have hypothesized that the increased secretion of IGFBP7 and TIMP-2 in AKI may serve as early "alarm" signals and act in an autocrine or paracrine fashion to induce G 1 cell-cycle arrest in kidney tubule epithelial cells to prevent the proliferation of injured cells (26, 37) . The identification of expression and secretion in kidney tubule cells, the patchy staining pattern of IGFBP7 in vivo, the variable colocalization with injury markers, and the demonstration of early increased secretion of both markers after cellular injury all lend well to this hypothesis.
In conclusion, we have demonstrated that the AKI urine biomarkers IGFBP7 and TIMP-2 are expressed and secreted in human primary kidney epithelial cells of proximal and distal tubule origin in cell culture and tissue, where IGFBP7 is secreted mostly from proximal tubule cells and TIMP-2 is expressed and secreted mostly by distal tubule cells. We have also identified a variable expression pattern of IGFBP7 within proximal tubules that can be found with and without tubule colocalization of KIM-1 and NGAL. Last, we identified that both proteins are modulated by oxygen-nutrient and nutrient deprivation alone in vitro. These findings are very intriguing and may begin to shed light on the role and mechanisms of these markers in disease. These findings further support the rationale for investigation of these proteins in the kidney and generate interesting hypotheses regarding the potential biological role of these biomarkers in the development and progression of and/or protection/recovery from AKI.
